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Open access under CC BY license.The genetic basis of mosquito resistance to malaria
parasites is well established and currently receives a
lot of attention. However this is not the sole determinant
of the success or failure of an infection. In a recent article,
Lambrechts and colleagues report the influence of the
quality of the external environment of a mosquito on
infection. They indicate that external variations could
substantially reduce the importance of resistance genes
in determining infection by malaria parasites. Further-
more, these variations could influence future plans to
use malaria-resistant transgenic mosquitoes to control
parasite transmission.The genetic basis for resistance to malaria
Host traits for parasite resistance are usually regarded as
being heritable. This premise holds true for several specific
associations between species of Plasmodium and their
mosquito vectors. It is possible to select for increasedresistance within the laboratory environment [1–5] and
studies have now identified changes in the transcription of
several mosquito genes in response to infection with
malaria parasites [6]. A recent article by Lambrechts
et al. [7] challenges this current trend to focus solely on
the genetic basis of resistance tomalaria. Lambrechts et al.
explored the influence of environmental quality on the
genetic component that underlies the burden and intensity
of malaria parasite infection. By doing this, they revisit the
nature–nurture debate in the important context of malaria
transmission. Their findings, although limited, should
stimulate more research to aid in the understanding of
the coevolution of mosquito–malaria associations. It
should also help researchers in the evaluation of genetic
engineering of noncompetent mosquitoes as a viable
strategy for malaria control.
Investigating the importance of the environment
The starting point for the study by Lambrechts and
colleagues [7] is the observation that the genetic com-
ponent of resistance to infection can be influenced by
differences in the environment in which those genes are
136 Update TRENDS in Parasitology Vol.23 No.4expressed. Furthermore, if a host response to infection is
more greatly influenced by environmental factors than
inherent resistance mechanisms, the effect of resistance
alleles could be masked. They hypothesize that natural
populations of vectors will experience differences in
environmental quality within and between locations.
These differences could influence both epidemiology and
host–parasite coevolution and, thus, outcomes could vary
in different locations.
Lambrechts and colleagues initiated an investigation of
the effect of the environment on parasite resistance using
the malaria vector Anopheles stephensi and the rodent
malaria parasite Plasmodium yoelii yoelii. Although A.
stephensi is not a natural host for P. y. yoelii, and would
thus shed little light on the coevolutionary aspects of
resistance, it is a commonly used laboratory model. Resist-
ance toP. y. yoelii infectionwas determined by counting the
presence or absence of developing oocysts on the midgut
(prevalence of infection) and the number of oocysts present
(intensity of infection).
Variation in the environment was provided by feeding
adult mosquitoes different concentrations of glucose
solutions after an initial, infective blood meal. The authors
had previously shown that the response of one aspect of the
defence response of A. stephensi, namely encapsulation of
a Sephadex1 (Sigma Aldrich: http://www.sigmaaldrich.
com) bead with melanin, increased with the provision of
increasing sugar concentration following a blood meal [8].
Interestingly, a laboratory colony of Anopheles gambiae
that was fed on high sugar concentrations was able to
melanize beads even without a blood meal [9]. This
indicates that the effect of the environment might differ
between mosquito species.
An isofemale line is an inbred line of mosquitoes that
have been derived from the progeny of one female. In this
experiment, isofemale lines were created from eight female
A. stephensi mosquitoes, with descendents maintained for
four generations. Each line was then given 2%, 4% or 6%
glucose solutions and mosquitoes were then fed on game-
tocytaemic mice (i.e. those that were known to be carrying
gametocytes) four to five days post emergence [7].
A genetic component
Lambrechts et al. foundnodifference in infectionprevalence
between these eight lines. Overall, only 12% of mosquitoes
were uninfected when examined eight days post infection;
therefore, only a small number of mosquitoes were able to
eliminate all oocysts. In future studies, it would be inter-
esting to examine salivary glands for sporozoite infections
because resistance mechanisms might operate at the spor-
ozoite stage and, thus, further differences between lines
could have been missed in this study [7].
Intensity of infection did, however, differ significantly
between lines, withmedian values ranging from three to 26
oocysts per line. Medley et al. [10], using several malaria–
mosquito associations, showed that intensity and preva-
lence are predictably related. On the basis of this finding
[10], it is surprising that prevalence does not also differ
between lines; however, this might not be apparent
because of the small sample sizes used – typically, samples
sizes of >50 mosquitoes are recommended [10]. Althoughwww.sciencedirect.comLambrechts and colleagues conclude that resistance to
malaria parasites by A. stephensi has a genetic basis, they
suggest that the genetic component that governs preva-
lence and intensity might differ. Because prevalence is
determined by the ability (or failure) to eliminate all
malaria parasites that have been taken up during an
infectious blood meal, any differences between the genetic
components that are responsible for governing prevalence,
as opposed to intensity of infection resistance, would be
contingent on the capacity of the products of one or more
genes to result in the killing of all parasites, rather than
many or most parasites.
An environmental influence on infection
Lambrechts et al. found that the number of oocysts was
significantly altered by the richness of the environment.
The 4% glucose feed resulted in mean values of approxi-
mately twice as many oocysts compared with other feeding
regimes, whereas the highest glucose concentration did not
differ significantly from the lowest (2% = 11.4 oocysts per
midgut, 4% = 22.5, 6% = 13.3) (Figure 1). Although this
pattern was observed in all isofemale lines, considerable
variation in the degree of the effect of glucose concentration
did occur. The authors offer two explanations for this
increase and decrease in oocyst burden with increasing
sugar concentration. First, based on their previous work
[8], they suggest that greater nutritional input might
enhance the immune response directed against the para-
site. If correct, this could explain the lower infection bur-
den following a 6% feed compared with a 4% feed. It is
certainly true that deployment of resistance mechanisms,
such asmelanotic encapsulation and antimicrobial peptide
production, is costly to the mosquito [11]; therefore, the
immune response could be limited by available resources.
Second, they explain the lower parasite burden after a 2%
glucose feed by making the observation (which is still
controversial [12]) that high parasite loads cause mosquito
mortality. They indicate that females with the highest
infection load in the resource-poor sugar meal group die;
hence, those surviving would have fewer oocysts than the
4% sugar group.
Genotype-by-environment interactions
The effect of the 4% feed was seen in every isofemale line
but the influence of this environmental indicator on phe-
notypic variation differed according to line, with the great-
est increase seen in lines two and eight. Although glucose
concentration effects were detected, genotype-by-environ-
ment interactions were not significant. It is interesting to
note that the effect of the environment on resistance would
not have been detected had the experiment been conducted
just with the lowest or highest sugar concentration. This
highlights the way that resistance can change according to
fluctuations in environmental conditions.
The environmental element did not have a major effect
on oocyst intensity because it contributed to only 11.7% of
phenotypic variance compared with 35.4% for the genetic
component. However, as the authors point out, this is only
one of many environmental factors that could have been
tested. Indeed, environmental influences could be syner-
gistic. Although femalemosquitoes can feed on plant-sugar
Figure 1. Genetic and environmental components of infection load. The mean number of oocysts (plus standard error) in infected mosquitoes is given for eight isofemale
lines that were fed on 2% (white bars), 4% (grey bars) or 6% (black bars) glucose solutions. The lines are ranked along the x-axis according to their mean number of oocysts
(averaged across glucose concentrations). The number of oocysts has been transformed using the square root and corrected with regards to the mice that were used to feed
the mosquitoes (the residual gives the difference from the average for a given mouse). Reproduced, with permission, from Ref. [7].
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to mosquito populations in the field that have regular
access to blood meals [15].
There is clearly a need to investigate interactions
between resistance genotypes and other environmental
factors that could be as, or more, important in the field as
sugar meal concentrations. These could include tempera-
ture fluctuations, which have been shown to impinge of the
background genetic basis of host resistance [16]. Even such
influences as the distance either from oviposition sites
or from future blood meals and the presence of potential
predators will alter metabolic resources devoted to flight
and could, therefore, change the outcome of resistance to
infection.
An environmental determinant of mortality
There is still considerable controversy that surrounds the
effect of Plasmodium infection on mosquito mortality [12].
Lambrechts et al. [7] provide firm evidence in support of the
negative impact of infection on mosquito fitness. All eight
isofemale lines, whatever their environmental regime,
suffered increased mortality during the eight days after
an infected blood meal compared with similar groups that
were fed on uninfected blood. Unsurprisingly, most
mortality was associated with the lowest sugar concen-
tration and it would be interesting to see whether any
of these resource-starved mosquitoes survived long
enough to sustain salivary gland infections and, therefore,
contribute to malaria transmission and indeed whether
this finding holds true for natural mosquito–malaria
combinations.
Implications for the field: the way forward
Laboratory populations of mosquitoes are highly inbred
and likely to exhibit many biological aberrations compared
with wild populations [17,18]. In view of the findings of
Lambrechts and colleagues [7], it is now important to
assess not only the effect of environmental influences that
could be relevant in the field or semifield (i.e. a largewww.sciencedirect.comoutside enclosure) situation but also to do so with natural
populations of mosquitoes and Plasmodium. Furthermore,
it is possible that findings from field studies will only be
relevant for the particular area of study. In the wild,
different populations encounter different environmental
influences – could they also respond differently to them?
Perspective
Lambrechts and colleagues have shown that the
environment matters for the functioning of a malaria-
resistant phenotype in mosquitoes [7]. They report an
important proof of principal that could have profound
effects on the dynamics and coevolution of this vector-
borne parasite. Resistance phenotypes are complex, even
in laboratory strains, and it remains to be seen whether
nurture has a substantial affect onmalaria transmission in
the field.
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intravenous fluid therapy in severe malaria
Tim Planche
Department of Cellular and Molecular Medicine, Infectious Diseases, St. George’s Hospital Medical School, London SW17 0RE, UKThere has been debate in this journal regarding the use
of aggressive intravenous fluid therapy in severe malaria
[1–3]. As is often the case, there is much agreement but
also some important differences of opinion and interpret-
ation. There is agreement that metabolic derangements
(particularly lactic acidosis) are among the most important
complications of severe malaria and are promising targets
for adjunctive therapies. In addition, there is broad agree-
ment that lactic acidosis results from poor tissue perfusion.
There are, however, important disagreements about the
role of intravascular volume depletion in severe malaria
and how future studies should be designed to resolve this
question.
Childrenwith severemalaria are febrile and often vomit
or cannot drink; therefore, it is not surprising that there is
some reduction in total body water. However, this
reduction in total body water is only moderate in degree
when measured and does not correlate with known mar-
kers of disease severity [4]. In fact, in standard therapy of
severe malaria, children usually receive 110 ml/kg in the
first 24 hours of admission (4 ml/kg/hour of dextrose or
saline plus intravenous quinine) [5–7].
This debate centres on whether there is such a large
reduction of intravascular volume in severe malaria
that more aggressive fluid therapy is indicated. Specifi-
cally, the additional administration of 20–60 ml/kg
of fluid as stat doses during the first hour or two of
treatment (giving a total of at least 130–170 ml/kg in
24 hours). In a recent article, Maitland argued that there
is a need for a Phase III interventional trial of fluids in
malaria with mortality as an end point [1]. In support of
this assertion, data from a recent study [5] were cited.
Methodological problems with that study are discussed
elsewhere [8].Maitland draws parallels between the presentation of
children with severe bacterial infections and malaria and
suggests that these features result from intravascular
volume depletion [1]. It has been proposed that excess
production of inflammatory cytokines [9,10] might charac-
terize thepathogenesis of both severemalariaand sepsis.As
argued in previous reviews [3,11], however, there is insuffi-
cient evidence for volume depletion in severe malaria, in
particular, and in more general terms, there is absence of a
common pathophysiological pathway for these severe infec-
tions [3,11]. Indeed, Maitland acknowledges that ‘. . ...there
are unique pathophysiological processes involved in severe
malaria that are clearly distinct from those occurring
in sepsis and in other causes of hypovolaemic shock’
[4]. Furthermore, in malaria, sequestration of parasitized
erythrocytesmight lead to inadequate tissueperfusionwith-
out hypovolaemia.
There have been four intervention studies, published
from the group in Kilifi, Kenya, that compare different
kinds of aggressive fluid volume management regimens in
severe malaria [5,6,12,13]. Remarkably, none of these
studies (including intervention with maintenance fluids
only) found a difference in the prospectively defined
primary endpoint of resolution of acidosis. This contrasts
with findings in sepsis in which a more rapid resolution of
acidosis results from correction of a large depletion in
intravascular volume using aggressive fluid therapy com-
pared with other regimens. For example, in a trial of early
goal-directed therapy in sepsis, the intervention group
received more fluid than a control group (12 versus
8 ml/kg/hour) and had a considerably faster resolution of
acidosis [mean (standard deviation) base deficit at 6 hours:
4.7 (5.8) versus 8.0 (6.4) mmol/l p < 0.001] [14].
Despite lack of evidence from surrogate markers, such
as acidosis, to support the application of aggressive fluid
therapy regimens, these studies [5,6,12] have also been
analysed in terms of mortality by combining data. A
